The HIV-1 Nef protein was analyzed for apoptotic structural motifs that interact with the CXCR4 receptor and induce apoptosis in CD4 ؉ lymphocytes. Two apoptotic motifs were identified. One centered on Nef amino acids ( The reduction and killing of lymphocytes by retroviruses have traditionally been directly linked to the viral load, and the depletion process is induced by viral infectivity (21, 104). However, an alternative scenario (bystander effect) posits that lymphocyte killing leading to depletion is a result of apoptosis and that apoptosis predominantly occurs in uninfected, bystander cells, with a distinct lack of cell killing in the productively infected cells themselves (3, 23, 80) . Many studies have contributed to the bystander effect premise that the longevity of infected cells is due to intracellularly expressed Nef protein (9, 23, 44, 107, 108) . Alternatively, a second premise of the bystander effect scenario directly implicates viral proteins (i.e., Nef) and/or indirectly implicates virally stimulated cellular factors as mediators of bystander cell apoptosis (4, 10, 30-33, 40, 41, 45, 49, 50, 59, 61, 63, 72, 80-82, 93, 98, 109).
The reduction and killing of lymphocytes by retroviruses have traditionally been directly linked to the viral load, and the depletion process is induced by viral infectivity (21, 104) . However, an alternative scenario (bystander effect) posits that lymphocyte killing leading to depletion is a result of apoptosis and that apoptosis predominantly occurs in uninfected, bystander cells, with a distinct lack of cell killing in the productively infected cells themselves (3, 23, 80) . Many studies have contributed to the bystander effect premise that the longevity of infected cells is due to intracellularly expressed Nef protein (9, 23, 44, 107, 108) . Alternatively, a second premise of the bystander effect scenario directly implicates viral proteins (i.e., Nef) and/or indirectly implicates virally stimulated cellular factors as mediators of bystander cell apoptosis (4, 10, 30-33, 40, 41, 45, 49, 50, 59, 61, 63, 72, 80-82, 93, 98, 109) .
We have previously shown that the Nef proteins expressed by human immunodeficiency virus type 1 (HIV-1), HIV-2, and simian immunodeficiency virus (SIV) efficiently induce apoptosis in T-cell lines, peripheral blood mononuclear cells (PBMCs), and other cell lines (60) . Receptor-ligand and antibody competition studies, as well as receptor insertion experiments with cell lines lacking CXCR4 expression, revealed that the chemokine receptor CXCR4 is the surface receptor involved in Nef-induced apoptosis. These studies and others (41, 47, 91 ; also our unpublished data) directly showed that exogenous Nef protein is secreted extracellularly at concentrations that could contribute to the CD4 ϩ lymphocyte depletion that occurs prior to and during the onset of AIDS. The body of evidence from patient, primate, and transgenic animal studies suggests that soluble Nef protein causes pathogenic effects, including T-cell depletion (3, 15, 28, 30-33, 36, 45, 49, 50, 63, 65, 68, 74, 88, 98) . Thus, there is enough evidence to directly implicate the Nef protein in bystander cell death leading to CD4 ϩ -T-cell depletion, and we have identified the receptor through which Nef induces an apoptotic signal in T cells. The next step is to determine the mechanics of this receptor-ligand interaction that lead to programmed cell death. This is one step toward the development of therapeutics that can antagonize pathogenesis due to Nef and can prolong or possibly halt the progression toward AIDS.
Chemokines are a superfamily of small, cytokine-like proteins that induce cytoskeletal rearrangement and firm adhesion to endothelial cells and that are involved in directional migration (chemotaxis) through interactions with G-protein-coupled receptors. The chemokine receptor-ligand pair CXCR4-SDF-1␣ is unique in that SDF-1␣ is the only known ligand for this receptor (70, 76, 97, 112) . The pair induces strong chemotactic efficacy for leukocytes in vitro and highly potent chemoattraction in vivo (8, 7, 70, 76, 97, 112) . Both CXCR4-and SDF-1␣-deficient mice display perinatal lethality because of profound defects in embryonic development of the hematopoietic, cardiovascular, and nervous systems (70, 76, 97, 112) . These phenotypic changes are mediated by the disrupted migration of embryonic progenitor cells into the appropriate microenvironment. This suggests that SDF-1␣-CXCR4 interac-tions are vital for the migration of nonhematopoietic as well as hematopoietic cells in vivo. Furthermore, in vivo studies using neutralizing antibodies to CXCR4 implicate this receptor in the homing and repopulation of human stem cells into the bone marrow of SCID mice (83) . Finally, CXCR4 (or fusin, as it was originally named) has been shown to be a coreceptor for HIV-1 (7, 38) .
For the CXC class of chemokines, and specifically for SDF-1␣, important residues for receptor binding have been identified at the N terminus and in the loop region (RFFESH) following the two disulfide bridges (16-19, 27, 69, 105) . The N-terminal region appears to be the most critical receptor binding site (18) . These two sites appear to be unstructured in the solution structure of SDF-1␣ (27, 37) . However, short N-terminal peptides of SDF-1␣ have been found to have most or part of the activity of the full SDF-1␣ chemokine (69) .
The HIV-1 gp120 V3 loop has been shown to be a principal determinant of chemokine receptor specificity for CCR5 and CXCR4 (12, 13, 20, 96, 101, 106) . One study suggested that chemokines and the C2-V3-C3 region of gp120 have a common origin (90) . A second study identified a region located between the bases of the V1/V2 and V3 loops (86) , which the authors suggested had remarkable amino acid conservation among CCR5-and CXCR4-tropic envelopes. The authors also suggested that this site represents a generic chemokine receptor binding domain that is capable of interacting with multiple chemokine receptors. However, the accumulated literature is unclear as to the exact motif(s) on gp120 that is involved in binding to the chemokine receptors during entry. Although gp120 has also been shown to induce apoptosis in many cell lines through CXCR4 (6, 24, 25, 42, 52, 53, 56, 58, 61, 64, 73, 87, 103) , there is no literature that defines the apoptotic motif(s) or the mechanics of this receptor-ligand interaction.
The Nef protein is a 25-to 34-kDa N-terminally myristylated protein that is expressed by HIV-1, HIV-2, and SIV coding mRNAs (51) . The protein is 205 amino acids (aa) long and is thus amenable to a full analysis to identify the apoptotic motif(s). For this study, we analyzed the Nef protein to determine the structural motifs on the protein that interact with the CXCR4 receptor and to show that they physically interact with CXCR4. Two apoptotic motifs were identified in Nef, and they appear to be necessary for the induction of apoptosis through CXCR4 by the full-length protein. , and the same peptides with fluorescent tags were obtained from Sigma Genosys (Houston, Tex.). The fluorescent tag on both the full-length Nef protein and the peptides was N-terminal fluorescein (NHS-ester; Flc). Ceramide was obtained from Sigma. The soluble gp120 protein from HIV-1 IIIb was obtained from Intracel and was found to be Ͼ90% pure, as estimated by Coomassie blue gel staining. gp120 was expressed from a baculovirus expression system and was full length and glycosylated. It was also shown that the protein is recognized by an anti-gp120 antibody in enzyme-linked immunosorbent assays, Western blots, and capture assays.
MATERIALS AND METHODS
Nef-expressing plasmid. We cloned the nef gene from pNL4-3 by PCR, using a forward primer (5Ј-GGG GGG AAG CCT CAT ATG GGT GGC AAG TGG TCA AAA AGT AGT GT-3Ј) engineered to contain an NdeI restriction site while retaining the start codon and a reverse primer (5Ј-GGA GGG CTG CAG TCA GTG ATG GTG ATG GTG ATG TCC GCC GGA TCC ACC GCA GTT CTT GAA GTA CTC CGG-3Ј) designed to contain a linker region followed by a hexahistidine tag, a stop codon, and a PstI restriction site. The amplified sequence was ligated into a pRSETB expression vector that was previously digested with the NdeI and PstI restriction enzymes. This digestion removed the N-terminal hexahistidine tag, the T7 gene 10 leader, and the Xpress epitope from the pRSETB vector. The recombinant plasmid, which contained a C-terminal hexahistidine tag, was referred to as pRSETB-Nef.
Expression and purification of recombinant HIV-1 Nef. The full-length recombinant HIV-1 Nef protein was bacterially expressed in Escherichia coli BL21 (DE3) cells from the Nef expression plasmid pRSETB-Nef as previously described (60) . Purification of expressed recombinant HIV-1 Nef was performed by use of a His-Bind kit (Novagen, Madison, Wis.) by which the Nef protein was affinity purified through binding of the C-terminal hexahistidine tag to nickelcharged tentacle methacrylate polymeric beads. Impurities were removed from the Ni-bound protein by a gradient of increasing imidazole concentrations. The final product was Ͼ95% pure, as judged by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). The monomeric form of purified recombinant HIV-1 Nef protein resolved at approximately 32 kDa, with a lower concentration of the dimeric form occurring at approximately 50 kDa (data not shown). A protein analysis using the more sensitive method of surface-enhanced laser desorption-ionization mass spectrometry under nondenaturing conditions revealed the existence of Nef protein monomers, dimers, and trimers (data not shown). This suggests that the recombinant protein possessed stabilizing secondary and tertiary structures that normally exist in the native protein.
Development of Nef knockout clones. (i) pNef⌬M1. Clones expressing the deletion mutant Nef 52-61 were constructed by spliced overlap extension mutagenesis from the viral clone pNL4-3 KFS. The outer oligonucleotide primers were 5ЈCCT AGA AGA ATA AGA CAG GGC and 5ЈGCA GTT CTT GAA GTA CTC CGG. The internal PCR primers were 5ЈAAT ACA GCA GCT AAC GAG GAG GAA GAG GTG and 5ЈCAC CTC TTC CTC CTC GTT AGC AGC TGC TGT ATT.
(ii) pNef⌬M1M2. Clones expressing a double knockout were constructed by spliced overlap extension mutagenesis from the Nef⌬M1 clone. The outer oligonucleotide primers were 5ЈCCT AGA AGA ATA AGA CAG GGC and 5ЈGCA GTT CTT GAA GTA CTC CGG. The internal PCR primers were 5ЈCCT GTG AGC CTG CAT GAG TGG AGG TTT GAC and 5ЈGTC AAA CCT CCA CTC ATG CAG GCT CAC AGG.
Expression of Nef variant clones. HEK 293 cells (10 7 ) were transfected with 6 various time periods with purified recombinant HIV-1 Nef or eukaryotic cell conditioned medium containing the Nef protein expressed from transfected Nef constructs at 37°C. HEK 293 cells were maintained in Dulbecco's modified Eagle's medium (Gibco, Carlsbad, Calif.) supplemented with 10% heat-inactivated fetal bovine serum and gentamicin (100 U/ml). TUNEL assay. Cultures were assayed for apoptosis by use of a terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling (TUNEL) assay as described previously (57) . The cells were visualized by epifluorescence on a computer-controlled microscope system (Carl Zeiss, Thornwood, N.Y.). Microscopic images were processed with a charge-coupled device camera (MC 100 SPOT 60910; Photonic Science, East Sussex, United Kingdom). Further image processing was conducted with Image-Pro Plus 2.0 software (Media Cybernetics, Silver Spring, Md.).
DNA ladder formation and agarose gel electrophoresis. A hallmark of apoptosis is internucleosomal cleavage, leading to the generation of discrete DNA fragments that are multiples of approximately 100 bp. For an assay of DNA ladder formation, Jurkat cell cultures were either untreated or treated with extracellular HIV-1 Nef for 24 h at 37°C. Nuclear extracts were obtained as described previously (57) . Briefly, cellular and nuclear membranes were ruptured with lysis buffer (1.0% Nonidet P-40 [NP-40; Sigma], 50 mM Tris-HCl [pH 7.5], 20 mM EDTA) at room temperature for 2 min. The nuclear extracts were centrifuged at 15,340 ϫ g for 20 min at 4°C, and then the RNAs were removed by RNase A (Sigma) digestion at 37°C for 2 h. All of the protein present was eliminated from the mixture by a proteinase K (Promega, Madison, Wis.) treatment at 56°C for 2 h. purification was achieved by performing several 70% ethanol washes, followed by centrifugation at 15,340 ϫ g for 30 min. Purified DNAs were air dried, resuspended in sterile water, and quantitatively and qualitatively analyzed by spectrophotometry (HP 8453 spectrophotometer; HP ChemStation, Palo Alto, Calif.). Twenty micrograms of DNA from each treatment was prepared in gel loading buffer that gave a final concentration of 0.02% bromophenol blue, 5% glycerol, 0.1% SDS, and 50 g of ethidium bromide. The buffered DNA samples were resolved in a neutral 1.5% agarose gel at 6 V/cm for 4 h. The molecular weight marker used was the One kb Plus DNA ladder from Invitrogen.
Protein assay. Jurkat cell cultures were examined for the activation of caspase 3. Jurkat cell cultures were either untreated or treated with extracellular HIV-1 Nef for 24 and 48 h. Cellular extracts were obtained by disrupting cells with lysis buffer (0.5% Triton X-100, 0.15 M NaCl, 2 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, and 100 g of aprotinin in 100 ml of phosphate-buffered saline) at room temperature for 2 min. After SDS-PAGE, the proteins were transferred to polyvinylidene difluoride membranes by electroblotting, washed in Tris-buffered saline (20 mM Tris-HCl, 0.25 M NaCl, pH 7.5) supplemented with 0.01% (wt/vol) Tween 20, blocked for nonspecific binding with 5% (wt/vol) dry milk, and then probed with antibodies in 5% (wt/vol) dry milk. Caspase 3 was assayed with a mouse anti-caspase 3 antibody (Active Motif) as the primary antibody and an anti-mouse antibody as the secondary antibody. The mouse anti-caspase 3 antibody recognized both inactive or pro-caspase 3 and the larger catalytic subunit of active caspase 3. The Nef protein was visualized by use of a rabbit anti-HIV-1 Nef antiserum (NIH AIDS Research and Reference Reagent Program) as the primary antibody and goat anti-rabbit IgG(HϩL) labeled with horseradish peroxidase (Pierce) as the secondary antibody. The visualization of protein-antibody complexes was achieved by incubation in ECL Plus Western blotting detection system solutions (Amersham Biosciences, Piscataway, N.J.) followed by exposure to photographic film (BioMax film; Fisher Scientific, Pittsburgh, Pa.).
Transfection. Cells in log phase were pelleted and resuspended in RPMI 1640 (without serum) at a concentration of 4.5 ϫ 10 6 cells per 400-l aliquot. A 2.5-g sample of CXCR4 plasmid DNA (Pc-Fusin; NIH AIDS Research and Reference Reagent Program) or CCR5 plasmid DNA (Pc-CCR5; NIH AIDS Research and Reference Reagent Program) was added to each aliquot of cells, transferred to 0.4-cm-electrode-gap-width electroporation cuvettes (Bio-Rad, Hercules, Calif.), and electroporated at 250 V with a 960-F capacitance pulse and 200 ⍀ of resistance (Gene Pulser; Bio-Rad). The cells were allowed to rest at room temperature for 10 min, transferred to microcentrifuge tubes with 400 l of fresh RPMI, and pelleted at 3,000 rpm for 5 min to remove debris. The cells were resuspended in 1 ml of RPMI (with serum) on plates and were incubated at 37°C for 48 h to allow expression of the transfected gene. We determined the average transfection efficiency of the MDA-MB-468 cell line to be about 80%. This was done by use of the pHcRed1 clone (BD Biosciences Clontech, Palo Alto, Calif.), which is a red fluorescing version of green fluorescent protein.
Infectivity assays. Viruses containing the mutant Nef proteins were produced through transcomplementation of a clone containing a nef deletion with the Nef constructs, as previously described (66, 67) . These viruses were tested in a single-round multinuclear activation of a galactosidase indicator (MAGI) infectivity assay to examine the effect that deletion of the apoptotic motif(s) had on viral infectivity.
Binding assay. MDA-MB-468 cells in log phase were harvested, diluted to a concentration of 10 6 cells, and electroporated as described above. A fluorescently tagged peptide or Nef protein was diluted to 100 ng/ml in a nonfluorescent phosphate buffer, 0.1 M potassium phosphate mono/dibasic, pH 7.4 (PanVera Corp., Madison, Wis.), and 1 ml of the ligand solution was added to the plates and allowed to incubate for 1 h at 37°C. The first supernatant was removed from the plate, and the remaining unbound fluorescence was monitored with a fluorescence spectrometer (650-40 fluorescence spectrometer; Perkin-Elmer, Oak Brook, Ill.) with the excitation wavelength set at 488 nm and the emission wavelength set at 530 nm. The spectrometer was zeroed with pure nonfluorescent phosphate buffer. A positive control consisting of 1 ml of the fluorescently tagged ligand solution, unexposed to cell monolayers, was measured to obtain the total fluorescence available from a fixed concentration of tagged ligand. The cell monolayers were washed once with nonfluorescent phosphate buffer and then were treated with a 1-ml solution of proteinase K (50 g/ml) (EM Science, Inc., Gibbstown, N.J.) for 2 h at 37°C. Subsequently, the second supernatant, containing the fluorescent tag from the bound peptide, was removed from the cell monolayers and counted as described above with a fluorescence spectrometer. The fluorescence data for each treatment condition were assayed for the ratio of unbound peptide (first supernatant measurement) to bound peptide (second supernatant measurement).
Data analysis.
Numerical and graphical analyses of all data obtained were performed by using SigmaPlot 8 software.
RESULTS

Identification of Nef apoptotic motifs.
We have previously shown that exogenous HIV-1 Nef can induce apoptosis in cells expressing the CXCR4 receptor, including lymphocytes (60). It had previously been shown by members of our laboratory and by others that HIV-1 gp120-induced apoptosis is mediated through the chemokine receptors CXCR4 and CCR5 (56, 58, 64, 73, 110) . However, the mechanics by which either of these molecules interacts with CXCR4 to induce apoptosis are not clear. Peptides derived from SDF-1␣ have been shown to retain much of the binding and signaling activity of the full molecule (54) . Thus, we speculated that peptides of Nef might retain some of the apoptotic activity of the full protein, and the Nef protein is small enough to be amenable to a full overlapping peptide analysis. A set of 20-mer peptides with 10-aa overlaps spanning the Nef protein (205 aa) (Fig. 1A) was obtained from the NIH AIDS Research and Reference Reagent Program. Jurkat cell cultures were exposed to each of the Nef peptides at 10 ng/ml (5 to 6 nM) for 24 h. The cultures were subsequently screened for apoptosis by a TUNEL assay (Fig. 1B) . The first three N-terminal peptides, spanning aa 1 to 20 (N20), aa 11 to 30 (N30), and aa 21 to 40 (N40), induced only the background levels of apoptosis observed for an untreated control (Fig. 1B , compare the untreated point to points 20, 30, and 40). Peptide-driven apoptosis was observed beginning with the peptide spanning aa 31 to 50 (N50), which induced some apoptosis, peaking with the peptides spanning aa 41 to 60 (N60) and aa 51 to 70 (N70) (Fig. 1A, motif 1) , and then dropping off to background levels with the peptide spanning aa 81 to 100 (N100) (Fig. 1A) . Background levels of apoptosis were observed in cultures treated with peptides spanning aa 81 to 100 (N100) through aa 151 to 170 (N170) (Fig. 1A) . A second, smaller apoptotic peak was observed for the peptides spanning aa 161 to 180 (N180) and aa 171 to 190 (N190) (Fig. 1A, motif 2) . The C-terminal peptides spanning aa 181 to 200 (N200) and aa 1 to 205 (N205) (Fig. 1A) induced only background apoptotic levels. Thus, two regions in the HIV-1 Nef protein that induce apoptosis were identified (Fig.  1) . The major peak, centering on aa 50 to 60 (motif 1 [M1]), induced Ͼ80% of the apoptotic levels of the full protein. A minor peak was also identified, centering on aa 170 to 180 (motif 2), which induced about 30% of the apoptotic levels of the full protein.
Characterization of peptide-induced apoptosis. The classic markers used for the identification of apoptosis were observed in the Nef peptide-treated Jurkat cells. Caspase 3 is a late (or effector) caspase, being generated from its pro-nonenzymatic form through initiator caspase-mediated cleavage (22, 84, 94, 95, 99) by caspase 8 or 9. Caspase 3 is often referred to as the executioner, as its presence authenticates the occurrence of apoptosis and confirms that the cell is destined, or "programmed," for cell death (22, 84, 94, 95, 99) . The high-molecular-mass procaspase 3 (32 kDa) was observed after both 24 and 48 h of Nef peptide treatment. The occurrence of the catalytic subunits of active caspase 3 as well as the ceramidepositive control ( Fig. 2A) Fig. 2A) . No similar induction was observed when Jurkat cells were untreated or were exposed to HIV-1 gp120 IIIb or sM1 after both 24 and 48 h of exposure. The 50-kDa tubulin band was assayed as a gel loading control. DNA bands with approximately 100-bp differences in molecular size in an agarose gel provide evidence of extensive internucleosomal cleavage of the genomic DNA, which is a common phenomenon in apoptotic cells. Additional confirmation of peptide-induced apoptosis was obtained by the detection of DNA ladders in Jurkat cell cultures exposed to Nef peptides (Fig. 2B) . No similar induction was observed in untreated Jurkat cells or in cells exposed to HIV-1 gp120 IIIb or sM1 after both 24 and 48 h of exposure.
Specificity of peptide interaction with CXCR4. We have previously shown that Nef-induced apoptosis acts through the CXCR4 receptor (60) . We showed that the breast tumor cell line MDA-MB-468, which does not express CXCR4, is refractory to Nef-induced apoptosis. When Pc-Fusin, which contains the gene coding for the CXCR4 receptor, was transfected into and expressed in MDA-MB-468 cells, the transfected line became susceptible to Nef-induced apoptosis (Fig. 3A) . To determine if Nef peptides act in a similar fashion to the fulllength protein, we transfected MDA-MB-468 cultures with Pc-Fusin, an empty vector (pCR3.1), or a CCR5 cDNA clone. At 48 h posttransfection, the cultures were treated with (i) HIV-1 Nef protein (N), (ii) an 11-aa peptide encompassing either apoptotic motif 1 (the M1 peptide) or apoptotic motif 2 (the M2 peptide), and (iii) the Nef peptide spanning aa 111 to 130 (N130), which does not induce apoptosis (Fig. 1) . The cells were treated for 24 h and subsequently assayed for apoptosis by a TUNEL assay (Fig. 3A) . Untransfected MDA-MB-468 cells, as well as cells transfected with the empty vector or the CCR5 cDNA clone, were refractory to all Nef-induced apoptosis (Fig. 3A , bars 1 to 5, 11 to 14, and 15 to 18). In contrast, MDA-MB-468 cells expressing CXCR4 were susceptible to Nef-induced apoptosis (Fig. 3A, bars 7, 8 , and 10). N130 had no effect on untransfected or Pc-Fusin-transfected MDA-MB-468 cells (Fig. 3A , compare bars 4 and 9). All of the other nonapoptotic peptides described in Fig. 1B were also not apoptotic in CXCR4-transfected MDA-MB-468 cells (data not shown).
The ability of the Nef protein to induce apoptosis can be blocked by pretreatment with the ligand SDF-1␣ or with an antibody to CXCR4 (Fig. 3B) (60) . To determine if the Nef peptides displayed similar characteristics to the full-length Nef protein, we performed a competition assay (Fig. 3B) . Jurkat cell cultures were either untreated or pretreated with the competitive ligand SDF-1␣, vMIP-II, which is a human herpesvirus 8-encoded protein that has been shown to interact with CXCR4 (111), or antibodies to the receptors involved in HIV infection, specifically CXCR4, CCR5, and CD4. Subsequently, these cultures were untreated or treated with the HIV-1 Nef protein, the M1 peptide, or the M2 peptide for 24 h and then assayed by TUNEL (Fig. 3B) . Untreated cultures displayed little background apoptosis (Fig. 3B, bar 1 [0.51%]) . The pretreatment of cultures with SDF-1␣ or vMIP-II blocked Nefinduced effects, reducing apoptosis to background levels in these cultures (Fig. 3B , compare bars 1 to 4 with bars 5 to 8 and bars 21 to 24, respectively). For example, apoptosis in M1-treated cells (Fig. 3B, bar 3 [47.6%]) was blocked by SDF-1␣ and vMIP-II, which reduced the amount of apoptosis to 0.49% (bar 7) and 0.12% (bar 23), respectively. Pretreatment with an anti-CXCR4 antibody significantly blocked Nef-induced apoptosis in the cultures, although it did not reduce the amount of apoptosis to background levels (Fig. 3B , compare bars 1 to 4 with bars 9 to 12). In M1-treated cells (Fig. 3B, bar 3 [47.6%]), apoptosis was significantly blocked by the anti-CXCR4 antibody, although it was not reduced to background levels ( CD4 or anti-CCR5 antibody had no effect on Nef-induced apoptosis (Fig. 3B , compare bars 1 to 4 with bars 13 to 16 and bars 17 to 20). Pretreatment with an anti-CD4 antibody had no significant effect on M1-induced apoptosis (Fig. 3B, Analysis of apoptotic motifs. The previously described evidence showed that a 20-mer Nef peptide overlapping aa 50 to 60 (motif 1) accounts for the major portion of apoptosis. We wanted to narrow down the effective region that drives apoptosis. Therefore, two 11-mer peptides spanning motif 1 were made, with one having the correctly ordered sequence (Fig.  1A, TNAACAWLEAQ [motif 1] ) and the other having the same amino acids scrambled in a random order (sM1; ALA ETCQNAWA). Jurkat cell cultures were untreated, exposed to approximately equimolar concentrations of the Nef protein (100 ng/ml; 4.3 nM) and the 20-mer Nef peptide N60 (10 ng/ml; 5.8 nM), or exposed to the M1 or sM1 peptide (5 ng/ml; 4.2 nM) for 24 h (Fig. 4A) . The cultures were subsequently screened for apoptosis by a TUNEL assay. The untreated controls displayed background levels of apoptosis (Fig. 4A , UT [0.56%]). The 11-mer M1 peptide induced 82% of the apoptosis observed with the full-length Nef protein (Fig. 4, We examined the apoptotic potency of the Nef motifs. Jurkat cultures were exposed to increasing concentrations of either the M1 peptide or the M2 peptide and were subsequently analyzed for apoptosis (Fig. 4B) . Nef M1 displayed an apoptotic effect significantly above the background starting at 10 3 fg/ml (1 pg/ml; 0.849 pM), with an increasing induction of apoptosis throughout the entire range of concentrations analyzed above 0.849 pM (Fig. 4B, M1 curve) . The 50% effective concentration (EC 50 ) for M1-induced apoptosis was calculated to be 39.6 ng/ml (33.6 nM). In contrast, the Nef M2 peptide required a much larger dosage to induce an apoptotic effect significantly above background, starting at 10 5 fg/ml (100 pg/ ml; 84.9 pM). Again, an increasing induction of apoptosis was observed throughout the entire range of concentrations analyzed above 84.9 pM (Fig. 4B, M2 curve) . However, the EC 50 was not reached at the highest concentration examined, 100 ng/ml (84.9 nM). The full-length Nef protein displayed an EC 50 of 390.4 ng/ml (16.77 nM) (60) , and the EC 50 for SDF-1␣ chemotactic activity is 5 nM (18) . Thus, M1 appeared to be quite potent apoptotically, and M2 appeared to be approximately 100-fold less potent than M1.
Deleting the Nef motifs from the full Nef protein.
To confirm that the peptides identified in our assays were important for the induction of apoptosis in the context of the full protein, we created deletion mutants. One construct had the nucleic acid sequences corresponding to aa 51 to 61 (motif 1) removed from pNL4-3 KFS and was named pNef⌬M1. The second construct had nucleic acid sequences corresponding to aa 51 to 61 (motif 1) and aa 170 to 180 (motif 2) removed from pNL4-3 KFS and was named pNef⌬M1M2. These constructs were transfected and expressed in HEK 293 cells, and the conditioned supernatants were collected and analyzed. We previously showed that the Nef protein is secreted into the extracellular medium from transfected cells (60) .
To determine if the deletion mutants retained functionality, we tested the ability of each protein to enhance the infectivity of a virus with a deletion of nef (NL4-3KFS⌬Nef). NL4-3KFS⌬Nef was transcomplemented with a Nef⌬M1 (Fig. 5A , bar 4), Nef⌬M1M2 (Fig. 5A, bar 5) , or wild-type Nef expression plasmid. The resulting virions were then examined in a single-round MAGI infectivity assay. The infectivities of the viruses that were transcomplemented with the mutated Nef proteins were well above those of the parent virus with a deletion of nef (Fig. 5A , bar 2) and were not significantly different from those of viruses that were transcomplemented with wild-type Nef (Fig. 5A, bar 3) . Thus, the mutants were functional for an enhancement of infectivity, suggesting that there is no significant effect of the deletions on Nef's ability to enhance infectivity. Furthermore, all of the constructs were found to express similar amounts of Nef protein into the culture medium (Fig. 5B) .
To determine the effects of the mutations on the ability of the full Nef protein to induce apoptosis, we examined the Nef protein secreted into the extracellular medium in our apoptosis assay. Jurkat cell cultures were exposed for 24 h to (i) normal medium, (ii) bacterially expressed Nef protein (100 ng/ml; 4.3 nM), (iii) conditioned medium from untransfected HEK 293 cells, (iv) conditioned medium from wild-type Nef-transfected cells, (v) conditioned medium from pNef⌬M1-transfected cells, and (vi) conditioned medium from pNef⌬M1M2-transfected cells. These cultures were subsequently screened for apoptosis by a TUNEL assay (Fig. 5C ). Jurkat cells treated with normal medium and conditioned medium from untransfected HEK 293 cells displayed only background levels of ap- Fig. 1 , we observed some apoptosis induced by the N50 peptide. The total elimination of apoptosis upon the deletion of both M1 (aa 51 to 61) and M2 (aa 170 to 180) negates the evidence above suggesting a third apoptotic site.
Effect on primary lymphocytes. Previously, we showed that the soluble Nef protein induced apoptosis in unstimulated human PBMCs at levels similar to that observed in other cell lines (60) . The data described above suggested that an examination of the apoptotic effect of the Nef peptides and the ⌬Nef proteins would yield similar results to those observed in cultured cells. Unstimulated human PBMCs were treated with Nef protein, M1, sM1, N130, M2, Nef⌬M1, or Nef⌬M1M2 (Fig. 6) . A concentration of 100 ng of Nef/ml of medium exhibited 45.5% (Fig. 6A, bar 2) apoptosis, compared to only 3.42% (Fig. 6A, bar 1 ) in untreated cells and 1.39% (Fig. 6A , bar 5) in PBMCs treated with N130. M1 induced 66.81% (Fig.  6A, bar 3 ) apoptosis compared to 0.89% (Fig. 6A, bar 4 ) apoptosis in PBMCs treated with sM1, and the second apoptotic motif, M2, induced 4.94% (Fig. 6A, bar 6 ) apoptosis in PBMCs. Cell-conditioned medium containing Nef⌬M1 induced 2.71% (Fig. 6A, bar 7 ) apoptosis in the PBMC cultures, displaying a 17-fold reduction in the ability to induce apoptosis compared to the wild-type bacterial Nef protein. The elimination of both motifs in Nef⌬M1M2 reduced the ability of that protein to induce apoptosis another threefold, to 0.97% (Fig.  6A, bar 8) .
Nef protein-or peptide-treated PBMCs were processed for TUNEL (fluorescein isothiocyanate [FITC] ; green) and then stained by use of a CD4 primary antibody and a secondary antibody tagged with Texas Red (red). Figure 6B shows typical fields of PBMCs that were either untreated (a) or treated with bacterial Nef protein (b), M1 (c), sM1 (d), M2 (e), or Nef⌬M1M2 (f). The images are combined FITC-Texas Red images. As can be seen in the figure, in the Nef protein (b), M1 (c), and M2 (e) panels there are many CD4 ϩ cells (red) that also display TUNEL staining (green), which indicates which CD4 ϩ cells are apoptotic (yellow). Alternatively, the untreated (a), sM1 (d), and Nef⌬M1M2 (f) panels show no TUNEL staining (green) and thus show only CD4 ϩ cells (red). We observed similar Nef motif-induced apoptotic effects on CD8 ϩ T cells (data not shown). Thus, the apoptotic Nef motifs display the ability to kill unstimulated human lymphocytes.
Nef interactions with CXCR4. We already generated data that suggested, but did not confirm, that Nef physically interacts with the CXCR4 chemokine receptor (60) . A fluorescentligand binding assay was used to examine the ability of the Nef protein and the M1 peptide to interact with CXCR4. The breast tumor cell line MDA-MB-468, which we previously used to show the involvement of CXCR4 in Nef-induced apoptosis, was used in this assay. MDA-MB-468 cells, which normally are refractory to Nef-induced apoptosis, become sensitive when they are transfected with Pc-Fusin, which expresses CXCR4 (60) . MDA-MB-468 cultures were transfected with Pc-Fusin or Pc-CCR5 and incubated for 48 h to allow transient expression. These cultures were then exposed to a fluorescently tagged Nef protein or M1 peptide. The first supernatants, which contained unbound fluorescently tagged ligand, were removed from the cultures and assayed for their fluorescence levels. The cultures were treated with proteinase K to strip off the cell membranebound ligand (fluorescently tagged), and the second supernatant was assayed for fluorescence levels. The resultant data were plotted for each condition to obtain a bound fluorescence/unbound fluorescence ratio. This directly measured the ability of the fluorescently tagged ligand to interact with the cell monolayer (Fig. 7) . If the ligand bound to the cell membrane, one would expect to obtain a ratio of Ͼ1, favoring bound molecules over unbound molecules. Alternatively, if the ligand was unbound (not binding to the cell membrane), a ratio of Ͻ1 should be observed, favoring unbound molecules over bound molecules. MDA-MB-468 cells transfected with Pc-CCR5 displayed a very low ratio, with Flc-M1 giving a ratio of 0.04 (Fig. 7A, bar 2) and Flc-Nef giving a ratio of 0.11 (Fig. 7A,  bar 4) . Alternatively, MDA-MB-468 cells transfected with PcFusin and expressing CXCR4 had very high ratios, with Flc-M1 giving a ratio of 11.9 (Fig. 7A, bar 1) , and Flc-Nef giving a ratio of 6.7 (Fig. 7A, bar 3 ). This clearly shows that both the Nef protein and the Nef M1 peptide only physically interact with these cells when the CXCR4 receptor is on the cell surface.
To further show that the Nef protein interacts physically with CXCR4, we combined the binding assay with a competition assay using known CXCR4 ligands. The binding assay was used as described above, with one variation. During exposure to the tagged Nef ligand, either an anti-CXCR4 antibody, an anti-CCR5 antibody, or SDF-1 was added at a high concentration. Competitive ligands will block any potential interaction of CXCR4 with the tagged Nef ligand, driving the derived high ratios down toward favoring the unbound state. In fact, that was what was observed. MDA-MB-468 cells transfected with Pc-Fusin with no competitive ligand gave a very high ratio of 6.3 (Fig. 7B, bar 1) , as expected, as did the same ligand competing with the anti-CCR5 antibody, displaying a ratio of 5.6 (Fig. 7B, bar 2) . In contrast, Pc-Fusin-transfected cultures exposed to the tagged ligand and competing with the anti-CXCR4 antibody or SDF-1 displayed very low ratios of 0.28 (Fig. 7B, bar 3) for the anti-CXCR4 antibody and 0.27 (Fig.  7B, bar 4) for SDF-1. Low ratios were observed for all conditions for Pc-CCR5-transfected cells (Fig. 7B , bars 5 to 8), as expected for cells not expressing CXCR4. These data support and extend the evidence that the Nef protein and the M1 peptide interact with these cells by physically interacting with the CXCR4 receptor.
DISCUSSION
The evidence presented above describes the initial steps in defining the mechanics of Nef-mediated apoptosis. Using overlapping peptides that spanned the entire length of the Nef protein, we have identified two motifs within the HIV-1 Nef protein that are required for the induction of apoptosis through CXCR4. One major peak of apoptotic activity centered on aa 50 to 60 of Nef (motif 1) and could be narrowed down to an 11-mer peptide which was almost as effective (82%) at inducing apoptosis as the full protein. A second, minor peak of apoptotic activity was identified, centering on aa 170 to 180 (motif 2), with a 20-mer peptide containing this motif found to induce about 30% of the apoptotic activity of the full protein. changed the protein's ability to enhance infectivity or to be expressed extracellularly. Interestingly, there is some literature suggesting that under certain conditions (in neuronal cells) SDF-1 can induce apoptosis through the CXCR4 receptor (53) . Similarly, the HIV protein gp120 has been shown to induce apoptosis through the CXCR4 receptor in certain cell lines (6, 24, 25, 42, 52, 53, 56, 58, 61, 64, 73, 87, 103) . In multiple unpublished experiments using soluble gp120, we have observed no gp120-induced apoptotic effect on Jurkat cells, H9 cells, or human PBMCs, although we found that the same protein induced significant apoptosis in other CXCR4 ϩ cell types (57; unpublished data). Interestingly, when we transfected Jurkat cells with Pc-Fusin, we observed a rescue of gp120-induced apoptosis (data not shown). This suggests either (i) a fundamental difference in the lymphocytic CXCR4 receptor or the CXCR4-stimulated apoptotic signaling pathway in lymphocytes or (ii) some type of dose-response mechanism wherein the numbers of CXCR4 receptors on lymphocytes are too low to induce an apoptotic signal with gp120 as a ligand but are sufficient for a Nef-induced effect. The evidence on gp120-induced apoptosis in lymphocytes is conflicting, with some studies suggesting that soluble gp120 alone is sufficient to induce apoptosis in lymphocytes (6, 87) , while other studies suggest that special conditions are required for gp120-induced apoptosis (5, 26, 55, 89) . Thus, the literature is not clear about what effect gp120 has on lymphocytes, although we clearly saw no apoptotic effect of gp120, as evidenced by several different apoptotic markers. The evidence presented here suggests that (i) there are specific motifs on the Nef protein that can induce apoptosis; (ii) these motifs are necessary to cause apoptosis; and (iii) since a Nef protein with both motifs removed retained other activities, it is not likely that a gross structural rearrangement explains the loss of apoptotic activity.
A two-site model of chemokine-receptor interaction has been proposed for SDF-1 and CXCR4 in which the amino terminus of the chemokine receptor plays a major role in the initial binding of SDF-1, while an interaction of SDF-1 with the loops of CXCR4 transmits an activation signal (2, 29, 43, 75, 92) . The determination of the nuclear magnetic resonance structure of SDF-1␣ and accompanying analyses of SDF-1␣ mutants (27) and SDF-1␣-derived peptides (54) provided a model for the interaction of SDF-1␣ and CXCR4 that was confirmed by other studies (34) . In this model, during an initial docking step, the N-terminal region of CXCR4 interacts with the RFFESH motif comprised of aa 12 to 17 of SDF-1␣. This step leads to conformational changes that allow the subsequent interaction of CXCR4 with the N-terminal residues of SDF-1␣ (aa 1 to 11; KPVSLSYRCPC), triggering a functional response. Interestingly, peptides consisting of SDF-1␣ aa 1 to 17 retain much of the activity of the full chemokine, showing that the sequence structure that is important for interacting with CXCR4 is among the first 17 aa (37, 54, 69, 102) .
Recognition and affinity between chemokines and their receptors are thought to be initiated by charge complementarity (48, 62) . SDF-1␣ is one of the most basic chemokines, with an overall charge of ϩ8. The CXCR4 receptor's extracellular region has a net charge of Ϫ9 (111). Additionally, for other chemokines it has been shown that a combination of a hydrophobic surface surrounded by ionic residues is a common characteristic (48, 62) . SDF-1␣ has a surface with a high positive potential adjacent to an extended hydrophobic crevice (111) . Interestingly, the V3 loop of T-cell-tropic gp120 has a high net positive charge overall and relative to the V3 loops of M-tropic strains (78) . The Nef apoptotic motifs identified here do not fit this amino acid sequence characteristic, as they have little charge and what charge they do have is acidic. Furthermore, sequence comparisons made between the two Nef apoptotic motifs (aa 50 to 60 and 170 to 180) and the V3 loop of gp120, SDF-1␣, and vMIP-II showed no obvious relationship (data not shown). Finally, no obvious sequence similarities were found by a comparison of either Nef motif with the full sequence of the HIV-2 or SIV Nef protein. However, this initial work to identify motifs will allow subsequent studies, which are currently in progress, to map the Nef motif amino acids that are critical for (i) CXCR4 binding and (ii) interactions with CXCR4 leading to apoptosis.
A recent paper has described gp120-and SDF-1-induced CXCR4 cell surface interactions, as examined by fluorescence resonance energy transfer (FRET) (100). Toth et al. suggested that CXCR4 dimerization is involved in SDF-1␣-and gp120-induced signaling events (100). The gp120 IIIb-induced increase in CXCR4-associated FRET was dependent on the expression of CD4 and was decreased by an AMD3100 cotreatment. Interestingly, in the absence of CD4, gp120 IIIb actually decreased the amount of CXCR4-associated FRET. The authors of that study suggested that the binding of gp120 to CXCR4 might not fully reproduce the repertoire of signaling events that are normally produced by the natural ligand, SDF-1␣. Their hypothesis could similarly describe Nef-induced signaling through CXCR4. This aberrant signaling could have deleterious consequences on cell survival.
In our previous work, molecular competition analysis revealed that SDF-1␣, the endogenous ligand for CXCR4, as well as anti-CXCR4 antibodies, was protective against Nef protein-induced apoptosis. Although this suggested that these CXCR4 ligands physically block the ability of the Nef protein to interact with the CXCR4 receptor, we could not eliminate the possibility that both SDF-1␣ and the anti-CXCR4 antibody induce a protective signal through CXCR4 that competes with Nef-induced apoptosis and that the Nef protein interacts with some as yet unknown surface factor. However, the physical binding data presented here show that Nef and the Nef apoptotic peptides only interact with the cell membranes of MDA-MB-468 cells when CXCR4 is on the cell membrane. Furthermore, SDF-1␣ and the anti-CXCR4 antibody physically blocked the ability of the Nef protein to interact with the cell membranes of Pc-Fusin-transfected MDA-MB-468 cells. We obtained similar results by using flow cytometry to analyze Nef or Nef apoptotic peptide binding to CXCR4 (data not shown). The data clearly suggest that it is this physical competition for interaction with the receptor that eliminates the ability of Nef or Nef apoptotic peptides to induce apoptosis. Thus, this evidence makes a strong case that Nef directly interacts with the CXCR4 receptor and induces apoptosis through this interaction.
As discussed above, an alternate hypothesis (the bystander effect) to explain T-lymphocyte depletion which is supported by an increasing amount of evidence is that this depletion is a result of programmed cell killing or apoptosis (39) . This hypothesis directly implicates viral proteins or indirectly implicates virally stimulated cellular factors as mediators of apopto- (60), the results discussed in this paper, and the results of other studies (41, 47, 71, 91) clearly show that Nef can induce apoptosis in T cells and support the existence of soluble Nef protein in the extracellular environment. We have already discussed several potential mechanistic scenarios that might explain Nef secretion (60) .
There is also evidence that addresses the second premise of a weak immune response to the Nef protein, or at least to the Nef apoptotic sequences, that does not block Nef-induced apoptosis. Fujii et al. found that anti-Nef antibody titers in patient sera were inversely related to the amounts of Nef present and that 5 of 32 patient samples tested had undetectable levels of Nef protein but exhibited the highest titers of anti-Nef antibody (41) . This clearly shows that the immune response to Nef varies widely. Anti-Nef antibody responses were also shown to vary significantly among individuals in several other studies (11, 85) . Additionally, a large body of data exists describing Nef cytotoxic T lymphocytes and antibody epitopes (for example, see the HIV Molecular Immunology Database [http: //hiv-web.lanl.gov/content/immunology]; 1, 14, 35, 77) . An analysis of these data yielded overwhelming evidence that the immune response to the Nef regions of aa 50 to 60 and 170 to 180, which we have identified as important for the induction of apoptosis, is at best weak, and probably nonexistent, in primates and mice. However, the same data showed that the Nef protein has several epitopic sequential regions (other than the two mentioned above) that induce strong immune responses. This evidence supports the second premise in that the specific sequential regions that induce apoptosis (aa 50 to 60 and 170 to 180) seem to generate, at best, a weak immune response. This level of response may not be sufficient to block soluble extracellular Nef-induced apoptosis. Thus, we argue that the weak immune response to specific epitopes (motifs 1 and 2), not to the overall Nef protein, is what is important for allowing Nef-driven bystander effects, which lead to the culpability of the soluble Nef protein in HIV pathogenesis.
Ultimately, this line of investigation could lead to the development of therapeutics (e.g., a vaccine) that target the Nef apoptotic motifs. The identified motifs, if attached to an appropriate immunogen and injected into a subject, could cause an induction of a strong immune response against those specific epitopes. This should confer direct protection against viral Nef-induced pathogenesis. A vaccine of this type would not be designed to induce sterilizing immunity but to block the ability of soluble Nef protein to induce apoptosis, specifically in T cells but also in other cell types (e.g., the endothelium). This could alleviate lymphocyte depletion and organ damage and prolong or possibly slow the progression toward AIDS.
